Significance and Impact of the Study: An increasing demand for food products with benefits for human health turns the attention to less-exploited nonconventional yeasts with interesting traits not found in Saccharomyces cerevisiae. Among them, Saccharomyces kudriavzevii has good potential for aroma-compound production, fermentations and other biotechnological applications, but it is less adapted to stressful industrial conditions. This report studied S. kudriavzevii relative osmosensitivity and its capacity for active glycerol uptake. The results obtained (on the activity and physiological function of S. kudriavzevii glycerol transporter) may contribute to a further engineering of this species aiming to improve its osmotolerance.
Introduction
Significant effort is being spent on studying nonconventional yeast species, as there is increasing demand for new food products with novel taste properties and benefits for human health. Non-cerevisiae Saccharomyces species have attracted attention as a barely exploited resource of yeast biodiversity with interesting traits not found in Saccharomyces cerevisiae. Among them, Saccharomyces kudriavzevii has good potential for fermentations, aroma-compound production and other biotechnological applications. The use of S. kudriavzevii or S. cerevisiae 9 S. kudriavzevii hybrid yeast strains in the industry of fermented drinks can significantly modify organoleptic and health properties, for example increasing aroma compounds or decreasing alcoholic content Peris et al. 2018; Querol et al. 2018) . Unfortunately, this yeast species is highly sensitive to various stresses (Zemancikova et al. 2018a ) and is less adapted to stressful industrial conditions (Perez-Torrado et al. 2016) .
Upon osmotic stress, yeast cells usually accumulate glycerol as the main compatible solute. Besides de novo synthesis, glycerol may be also accumulated by an efficient uptake. Both ways of glycerol accumulation upon osmotic stress are controlled by the HOG MAP kinase pathway (Hohmann 2002) . In yeast cells, the uptake is mediated by permeases which transport glycerol in symport with protons and which are encoded by the STL genes (Ferreira et al. 2005; Duskova et al. 2015a) . Saccharomyces kudriavzevii also possesses an STL-like gene, and it has been shown that its expression is induced under osmotic stress in microvinification experiments in synthetic must, and additional experiments showed indirectly that the uptake of glycerol might be the preferred strategy for S. kudriavzevii to compensate for an increase in the external osmotic pressure (Perez-Torrado et al. 2016) . Nevertheless, S. kudriavzevii is highly osmosensitive compared to other Saccharomyces species (Zemancikova et al. 2018a) .
In order to assess the functionality and activity of the Stl transporter in S. kudriavzevii cells, two approaches were used in this study. In S. kudriavzevii, a mutant lacking the STL1 gene was constructed and its phenotypes were characterized, together with monitoring the changes in STL1 expression upon the addition of various solutes to standard laboratory growth media. The SkSTL1 gene was also expressed in osmosensitive S. cerevisiae mutants, and the ability of its product to complement the osmosensitivity was verified.
Results and discussion
Addition of glycerol to growth medium improves S. kudriavzevii growth upon osmotic stress Saccharomyces kudriavzevii IFO 1802 cells are relatively osmosensitive. They do not grow and divide properly on media supplemented with higher concentrations of solutes. Figure 1a shows an example of growth on media supplemented with 2 mol l À1 sorbitol or 2 mol l À1 KCl. Both of these solutes are not toxic to yeast cells, and other Saccharomyces species support even higher concentrations (Zemancikova et al. 2018a ). This osmosensitivity is probably not due to a diminished ability to produce the necessary amount of glycerol upon osmotic stress, as S. kudriavzevii cells produce a substantial amount of glycerol even without stress, and this amount increases upon stressful conditions (Perez-Torrado et al. 2016; Zemancikova et al. 2018a ). These results indicated that although a lot of glycerol is produced, the ability of cells to retain it in the cytosol is not sufficient. Our experiments revealed that the addition of a very small amount (1 mmol l À1 ) of glycerol to the growth medium significantly improved cell growth in the presence of sorbitol or KCl ( Fig. 1a ) and suggested that an active uptake of glycerol may be involved in the observed increase in osmotolerance. The S. kudriavzevii genome encodes only one
S. kudriavzevii -2 mol l -1 sorbitol 2 mol l -1 sorbitol 2 mol l -1 KCI 2 mol l -1 KCI 1 mmol l -1 glycerol 1 mmol l -1 glycerol (a) (b) (c) Figure 1 Saccharomyces kudriavzevii IFO 1802 osmotolerance is improved by addition of glycerol and increased expression of STL1 gene upon osmotic stress. (a) Growth profile of S. kudriavzevii IFO 1802 on YNB medium with 2% glucose and supplemented as indicated. Relative STL1 expression levels in S. kudriavzevii IFO 1802 cells (b) pregrown in YP + 2% glucose and then transferred to same fresh medium (white columns) supplemented with 1 mol l À1 sorbitol (black columns) or 1 mol l À1 KCl (grey columns), or (c) pregrown in YP + 2% mannitol and then transferred to same fresh medium (white columns) supplemented with 1 mol l À1 sorbitol (black columns). putative glycerol uptake system, a homologue of S. cerevisiae STL1 encoding a glycerol-proton symporter. The SkSTL1 gene is 1689 nt long and encodes a protein of 562 amino acids, which shares 92% identity (96% similarity) with ScStl1. Analysis of its secondary structure revealed that it is a typical member of the STL family with 12 trans-membrane segments and conserved motifs typical of this family (Zemancikova et al. 2018b ).
The expression of STL1 is increased upon osmotic stress, and the course and level of induction depend on the solute and source of carbon
To verify the role of the identified gene, we first estimated the changes in SkSTL1 expression upon the addition of sorbitol or KCl. Figure 1b shows that the addition of both solutes significantly induced the STL1 expression in cells grown in the presence of glucose but the time course of the induction differed. Upon the addition of 1 mol l À1 sorbitol, the peak in expression was observed after as little as 30 min, whereas when 1 mol l À1 KCl was added, the induction was slower but higher ( Fig. 1b ). If the cells were grown in the presence of a nonfermentable source of carbon (2% mannitol), the expression of STL1 in the presence of 1 mol l À1 sorbitol was much higher, compared to the growth on glucose, and its maximum persisted for a longer time (Compare Fig. 1b,c) . Our results of a higher STL1 expression in the presence of a nonfermentable source of carbon are in agreement with a previous study of various Saccharomyces species in which the induction of various genes involved in glycerol production and transport was studied under microvinification conditions in synthetic must supplemented with various solutes (Perez-Torrado et al. 2016) . To verify the function of SkSTL1's product, we both deleted the gene in the S. kudriavzevii genome and cloned it into vectors suitable for expression in S. cerevisiae.
Deletion of the STL1 gene results in an increased osmosensitivity and affects the intracellular pH
The deletion of SkSTL1 exhibited a phenotype typical for the absence of a glycerol-proton symporter, that is, increased osmosensitivity which, in contrast to the wild type, could not be significantly improved by the addition of external glycerol ( Fig. 2a ). Hyperosmotic shock showed that the stl1D cells have problems surviving 1 mol l À1 KCl added to the liquid growth media (80% wt cells vs 25% mutant cells survived 2 h in 1 mol l À1 KCl; Fig. 2b ).
On the other hand, the amount of mutant cells surviving the hyperosmotic stress (25%) was not diminished by subsequent transfer of cells to water (i.e. from hyperosmotic to hypoosmotic conditions), suggesting that the Stl1 transporter is not involved in the ability of S. kudriavzevii to survive hypoosmotic stress (cf. black columns of Fig. 2b labelled 1 mol l À1 KCl and H 2 O). This is a different feature from S. cerevisiae, where the hypoosmotic stress after the hyperosmotic stress kills a significant amount of stl1D cells (Duskova et al. 2015b ). Estimation of the intracellular pH in the wt cells and in the stl1D mutant grown under standard nonstressed conditions revealed that the mutant has a significantly higher intracellular pH (Fig. 2b) , which suggests that the activity of the Stl1 glycerol-proton symporter may be involved in intracellular pH regulation of growing cells, and that its physiological role is not limited merely to the accumulation of glycerol during osmotic stress. The same phenotype of STL1 deletion was previously observed in S. cerevisiae and Zygosaccharomyces rouxii (Duskova et al. 2015a,b) , and thus, the role of Stl1 in the regulation of intracellular pH seems to be conserved in yeast species.
S. kudriavzevii STL1 complements the phenotypes of S. cerevisiae mutant cells lacking their own glycerol uptake system
The expression of GFP-tagged SkStl1 in S. cerevisiae confirmed that SkStl1 is a plasma membrane protein (Fig. 3a) , and its ability to complement the lack of S. cerevisiae's own Stl1 confirmed its role in yeast osmotolerance (Fig. 3b,c) . SkStl1 was able to improve the growth of cells only when a low concentration of extracellular glycerol was available. This effect was observed both in S. cerevisiae cells lacking their own STL1 (Fig. 3b ) and in cells lacking both STL1 and HOG1 (encoding a stress-responsive MAP kinase (Hohmann 2002) ) which are very osmosensitive, as they can neither use a glycerol uptake system nor increase glycerol synthesis under conditions of osmotic stress (Fig. 3c) .
In summary, our results showed that the homologue of ScSTL1 found in the genome of S. kudriavzevii encodes a functional glycerol transporter, whose activity contributes
SkStl1-GFP 0·45 mol l -1 KCI 0·35 mol l -1 KCI 0·35 mol l -1 NaCl 0·45 mol l -1 KCI 0·8 mol l -1 sorbitol 0·6 mol l -1 sorbitol 0·8 mol l -1 sorbitol 10 mmol l -1 glycerol 0·6 mol l -1 sorbitol 10 mmol l -1 glycerol 10 mmol l -1 glycerol 0·35 mol l -1 KCI 10 mmol l -1 glycerol 0·35 mol l -1 NaCl 10 mmol l -1 glycerol significantly to the observed level of S. kudriavzevii osmotolerance and is involved in the maintenance of pH homeostasis. One way to improve the osmotolerance of S. kudriavzevii for biotechnological purposes might be a thorough engineering of its Stl1 to ensure a stable and high level of its expression and an increased stability of the protein under different growth and fermentation conditions (Dibalova-Culakova et al. 2018) .
Materials and methods

Strains and plasmids
The S. kudriavzevii strains were IFO 1802 and its ura-derivative. For the heterologous expression of the SkSTL1 gene, S. cerevisiae strains BY4741 hog1D and BY4741 hog1D stl1D (Duskova et al. 2015a,b) were used. The S. kudriavzevii deletion mutant (stl1D) was prepared by homologous recombination using the Cre-loxP system (Guldener et al. 1996) and DNA cassette amplified by PCR with the use of oligonucleotides listed in Table 1 . Plasmids for the expression of SkSTL1 were pSkSTL1 (an YEp352 derivative with SkSTL1 expressed from the ScNHA1 promoter (Perez-Torrado et al. 2016)) and pSkSTL1-GFP (a pGRU1 derivative with SkSTL1 expressed from the ScNHA1 promoter and tagged with the GFP sequence at its 3' end) generated by homologous recombination (with the use of oligonucleotides listed in Table 1 and genomic S. kudriavzevii DNA as a template for STL1 amplification). For intracellular pH measurement, the cells were transformed with a pHl-U plasmid containing the pHluorin gene (Maresova et al. 2010) . Empty YEp352 and pGFP (expressing free GFP) were used as negative controls.
Media, growth conditions and phenotype characterization
Yeast cell cultures were grown in standard liquid (usually 50 ml in a 250-ml flask) or solid (supplemented with 20 g l À1 agar) media: YP (10 g l À1 yeast extract, 20 g l À1 bacto peptone) and YNB (6Á7 g l À1 yeast nitrogen base without amino acids) media supplemented as indicated. All growth experiments were performed at 25°C, for in liquid media, aerobically with shaking. For estimating the hyper-and subsequent hypoosmotic stress survival, the protocol described in Ref. (Zemancikova et al. 2018b ) was followed. For measuring the intracellular pH, the procedure using cells expressing ratiometric pHluorin described in Ref. (Papouskova et al. 2017 ) was used.
SkSTL1 expression
To determine the changes in SkSTL1 expression under various growth conditions, the procedure and oligonucleotides were used exactly as described in Ref. (Perez-Torrado et al. 2016) .
Fluorescence microscopy
The fluorescence signal of cells producing SkStl1 tagged with GFP was observed under an Olympus AX 70 microscope using a U-MWB cube with a 450-to 480-nm excitation filter and 515-nm barrier filter. 
